Objectives: Forkhead transcription factor, O subgroup, member 1 (FOXO1) is a regulatory protein that plays an essential role in cellular homeostasis. A biological function as a tumor suppressor has been proposed. Here, we examined FOXO1 expression in human pancreatic ductal adenocarcinoma (PDAC) and its precursor lesions. Methods: We immunohistochemically labeled tissue samples from 47 patients with PDAC for FOXO1 protein. In addition, we extracted data from the Cancer Genome Atlas and the Cancer Cell Line Encyclopedia and studied a potential association with well-established genetic variants. A publicly available microarray dataset of 102 PDAC samples was used to explore the influence of FOXO1 expression on patients' clinical outcome. Results: Normal ductal epithelium universally expressed nuclear and cytoplasmic FOXO1. Reduced expression was observed in PanIN lesions and PDAC of all cases. Analysis of several datasets showed that the FOXO1 gene transcript levels do not correlate with KRAS, TP53, SMAD4, or CDKN2A mutation status, but positively correlate with patients' outcomes. Conclusions: Loss of FOXO1 protein is identified as an early event during PDAC development and may be independent of the top 4 mutated cancer genes. Because of its strong expression in normal ductal cells, immunohistochemical detection of FOXO1 can function as a valuable test to establish the diagnosis of transformation and malignancy in pancreatic tissues.
Introduction
Pancreatic adenocarcinoma (PAC) remains one of the deadliest forms of cancer with a 5-year survival rate of about 6% [1] . This dismal outcome is mainly due to the lack of methods for early detection and to the fact that it develops early resistance against most forms of conventional cytotoxic therapy [1] . Important progress seen in the past years have, however, improved our understanding of the genetic basis and the biological pathways of this disease and opened up new therapeutic options for targeting tumor metabolism [2, 3] . Yet a better understanding of how metabolic pathways are regulated in cancer is necessary to devise more effective therapies.
Malignant tumors occurring in the pancreas are classified according to the cell of origin and can be divided into endocrine, exocrine and mesenchymal tumors. This sub-classification has strong implications on prognosis and treatment strategy of patients [4] . Exocrine tumors account for more than 95% of all pancreatic cancers. They arise either from (i) pancreatic acinar cells, termed acinar cell carcinoma, or more commonly, from (ii) epithelial cells of the pancreatic duct system. As all solid tumors, pancreatic ductal adenocarcinomas (PDAC) are a mixture of neoplastic and non-neoplastic cells as well as an extracellular matrix. Given this complexity, immunohistochemistry is the most effective technique available to assess protein abundance and localization on the cellular and sub-cellular levels.
The forkhead transcription factor, O subgroup, member 1 (FOXO1) regulates cellular metabolic mechanisms [5, 6] . It is reported to function as a putative tumor suppressor in several types of cancer [7] [8] [9] . Because changes in metabolism are regarded to be critical during malignant transformation [3, [10] [11] [12] , we studied the levels of FOXO1 throughout the development of human PDAC.
Materials and Methods
Formalin-fixed, paraffin-embedded tissue samples from PDAC patients (n = 47) were sectioned, deparaffinized, and hydrated. Indigenous peroxidase was inhibited by H 2 O 2 , and the sections were incubated with an anti-human FOXO1 antibody (Cat# PA1-39515, Thermo Fisher Scientific, 1: 100 dilution, Rockford, IL, USA) and finally counterstained with hematoxylin. The assay was first established manually according to the manufacturer's protocol. Horseradish peroxidase enzyme and 3-amino-9-ethylcarbazole substrate (cat#3464, Dako, Glostrup, Denmark) were applied. Next, we established an automated FOXO1 staining using the Leica BOND-MAX Autostainer (Leica Biosystems, Melbourne, VIC, Australia) according to the manufacturer's recommendations. Instead of the 3-amino-9-ethylcarbazole, 3,3′-Diaminobenzidine substrate was used (Bond Polymer Refine Detection kit, cat#DS9800, Leica, UK). Microscopic images were captured using a Nikon Eclipse 80i microscope supplied with a Nikon's Digital Sight DS-Fi1camera and the NIS-Elements D software (Nikon, Vienna, Austria). Demographic data of patients included in this study on age and gender are provided as online supplementary Table 1 (for all online suppl. material, see www.karger.com/doi/10.1159/000492433).
In addition, we extracted data from the Cancer Genome Atlas (TCGA) [13, 14] and the Cancer Cell Line Encyclopedia [15] , and studied a potential association with well-established genetic variants. We compared FOXO1 mRNA levels from several PAC samples (n = 168) and pancreatic carcinoma cell lines (n = 43) that harbor multiple mutations in the KRAS, TP53, SMAD4, or CDK-N2A genes; the most common mutations in pancreatic carcinoma [16] [17] [18] . Online supplementary Table 2 provides demographic data of patients in the TCGA data set. Names of the 43 cell lines and the reported genetic alterations are provided as online supplementary Table 3 . Graphs were generated by GraphPad Prism version 5.
Finally, a publicly available microarray dataset of 102 PDAC samples (by using the R2: Genomics Analysis and Visualization Platform [http://r2.amc.nl]) was used to explore the influence of FOXO1 expression on patients' clinical outcome [19] . The project has been approved by the Ethics Committee of the Medical University of Graz (number: 23-279 ex 10/11).
Results
By use of immunohistochemical analysis, FOXO1 positive signal was detected in morphologically normal ductal epithelium but not in acinar cells. We observed an intense signal in all epithelial cells of the pancreatic duct system including centroacinar cells, intra-and interlobular ducts and the main pancreatic duct. These cells showed strong nuclear and cytoplasmic expression. Interestingly, acinar cells were negative for FOXO1, indicating that the staining was specific to ductal cells and that the assay was able to distinguish between acinar and centroacinar cells (Fig. 1a-c) . In contrast to the abundant expression in the ductal epithelium, in samples from the 47 patients, FOXO1 signal was reduced or it was undetectable in all neoplastic and malignant lesions arising from these cells including PanIN1, the initial step of the PDAC development ( Fig. 1d-h) .
Data available from a public database showed that the FOXO1 gene harbors no mutations in 168 tumor samples from patients diagnosed with PAC (TCGA, PanCancerAtlas) (Fig. 2a) . Interestingly, FOXO1 mRNA levels were similar in the 168 PAC tumor samples and the 43 pancreatic carcinoma cancer cell lines. There was no correlation between FOXO1 mRNA levels and mutations in KRAS, TP53, SMAD4, or CDKN2A, the top 4 genes mutated in pancreatic carcinoma (Fig. 2a-c) .
In addition to the loss of FOXO1 protein expression, we found that low levels of FOXO1 are associated with poor survival in a cohort of 102 patients with PDAC (p < 0.05, log-rank test) (Fig. 2d) .
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Discussion
In this report, we evaluated FOXO1 protein levels in normal pancreatic tissue, neoplastic, noninvasive lesions known as pancreatic intraepithelial neoplasia, and PDAC. We observed that the expression level of this transcription factor is reduced both in pre-invasive lesions and in PADC.
Based on our observation, we propose that FOXO1 is promising as a histopathological marker to aid the diagnosis of pancreatic cancer. The strong signal of FOXO1 protein in normal ductal epithelium -but not in neoplastic cells -is easily detectable by immunohistochemistry performed on archival formalin-fixed, paraffin-embedded tissue samples. This assay may be particularly relevant when microscopically evaluating (i) surgical resection margins [20] and (ii) small biopsy specimens. Recent research presented an opportunity for early detection of pancreatic cancer by examining exosomes, small particles released from cancer cells into the blood [21] . Reliable histopathological markers are especially valuable to confirm the diagnosis of cancer in samples obtained by core needle biopsy. Further studies are required to confirm our observation and to validate the usefulness of FOXO1 in routine diagnostic surgical pathology. The fact that FOXO1 is already lost in PanIN1 indicates that it is downregulated at an early stage of transformation to neoplastic cells. It is reported that less than 40% of PanIN1 lesions have a KRAS mutation and far less a TP53 mutation [22, 23] arguing that the reduced levels of this transcription factor, at least in part, are not mediated by the KRAS or TP53 mutations. This assumption was further supported by the bioinformatics data, which showed no correlation between FOXO1 gene expression and any of the tested mutations.
The involvement of FOXO1 as a putative tumor suppressor in pancreatic carcinogenesis is further substantiated by the survival analysis of 102 external patients, which indicates that PDAC patients with low levels of FOXO1 mRNA have a poor prognosis.
Investigating the molecular mechanisms behind the downregulation of FOXO1 protein levels is clearly imperative but beyond the scope of this work. Nevertheless, our findings are bound to add to our current understanding of the biology of pancreatic cancer and should help to confirm the diagnosis of PDAC as well as precursor lesions [24, 25] .
